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Abstract

A computer program for determining the transmission of birefringent filters

is described. This program is used for the following investigations:

{a) The feasibility of the construction of a birefringent filter that will work
[ J
simultaneously for wavelengths of 3933. 3, 6562.8, and 10630. 3 Angstroms. These

three wavelengths are of particular importance for solar studies.
(b) The off-axis characteristics of Solc filters.
(c) The tolerances required for the elements of a Solc filter.

(d) The influence of imperfect polarizers on the transmission characteristics
of Lyot filters.
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A Ray-Tracing Program for Birefringent Filters

L. INYTRODUCTION

Birefringent filters utiiize the variation of the retardation of birefringent plates
with wavelength to isolate certain regions in the optical wavelength spectrum. TXig
variation is due mainly to the variation of the plate thickness expressed ir wave-
lengths. In the most frequently used materials, quartz and calcite, it is counter-
acted by an increase of the birefringence with wavelength,

The above-mentioned principle to isolate certain wavelengths was probably first
applied by Mascart (1874) when he used it to separate the sodium D, and D2 lines.
Today, the best known applications are the Lyot-CGhman type filter (Lyot, 1944;
Evans, 1949) and the Solc type filter (Solc, 1959; Solc, 1960; Solc, 1965; Evans,
1958), The Lyot filter, in its basic form, consists of a chain of independent seg-
ments each composed of a birefringent plate placed between either crossed or par-
allel polarizers having angles of 45 deg with the plate's retardation axis. One such
segment produces periodic intensity patterns in the spectrum of the transmitted
light, the so-called channel spectrurn. The thickness of successive segments differs
Ly factors of two in the Lyot Filter, thereby suppressing the entire spectrum except
for those regions where all the segments have simultaneous transmission maxima,
One of the disadvantages of this filter is its low transmission due to the great num-
ver of polarizers used., Evans (1949) introduced a modification of the Lyot-bhman

(Reccived for publication 21 June 196%)



fiiter that eliminated about half of the polarizers, thereby substantially improving
the transmission. The Solc filter cn the other hand needs only the minimum number
of polarizers — two. It consists of a chain of identical retardation plates with vary-
ing position angles placed between two polarizers.

In the case of the simplest Lyot-Chman and Solc filters, it has been possible
to give analytical expressions for the filter transmission for on-axis rays [see, for
example, Lyot (1944) and Evans { 1958)} . For any possible arrangements of re-
tardation plates and polarizers the computation of the transmission in the form of
analyiical expressions becomes very difficult. Therefore, it seemed desirable to
write a computer program to determine the transmission of any chain of retardation
plates and polarizers for on-axis and off-axis rays. This paper describes such a
program. The utilization of imperfect polarizers is also included, since Giovanelli
angd Jefferies (1954) predict that the use of imperfectly polarizing polarizers may
improve the transmission characteristics of Lyot filters. Section 2 describes the
details of this ray-tracing nrogram, and Section 3 describes some of its applications,

2. DESCRIPTION OF THE COMPUTATION P:°OGRAM

21 On-Axis Rays

Jones! calculus (Jones, 1941; Shurcliff, 1352) was used in the computaticn of
on-axis rays. In this calculus each retardation plate or polarizer is mathematically
represented by a set of two matrices, S(8) and N, both having two rows and two
columns. The change in polarization made by one such element on a light wave of
the complex form

Ex = Ax exp [i(ex + 21wt)] and Ey = Ay exp [i(ey + 21rvt)] (1)
is given by
Ex
S(BYNS(-p) (E ) , (2)
y

where B is the angle between the element axis (polarization or retardation axis)
and an arbitrary x axis,

The expression for S is;

cos B - gin g }
S(g) = ( . (3)

sin 3 cos f8



The expression for N for polarizers is:

Py 0
N - ) , (4)
0 Py
where p, isthe transmission along the polarizer axis and Py is the transmission

at right angles to P with Py > Py -
For a retardation plate, the expression for N may be written as:

ei‘y 0
N ( 0 e'i") . ®

with y being a quantity dependent on the plate retardation (for on-axis rays) in
the following manner:

y = wdle - w)/x , (6)

where d is the plate thickness, and ¢ and w, as usual, the refractive indexes
for the extraordinary and ordinary rays, respectively.
For a chain of polarizers or retarders, Eq. (2) is modified to

E /'E
S(ﬁn; Nn S(-Bn) S(Bn- 1) Nn-l .. S("ﬁz) S("'ﬁl ) Nl S(-p) ( Ex ) = M( Ex ) (N
y y

which, according to Jones, can be further simplified by the relation

The matrix M is found by 2valuation of the matrix product in Eq. (7). The result
will be a 2 by 2 matrix with complex elements, For ideal unpolarized incident
light the filter transmission of the chain can be shown to be equal to the sum of the
products of these matrix elements with their complex conjugates,

The computation of M is very much simplified and speeded up in the case
where the filter starts with an ideal polarizer (p2 = 0). Taking the x-axis to coin-
cide with the axis of this polarizer (ﬁl = 0), the first two elements of the matrix
muitiplication, Eq. (7), reduce to

(*’i 0) . (9)
0 0



The last column of every subsequent multiplication wili consist of zeros, and can be
omitted in the multiplication.

The progrzm 1s uritter in FORTRAX IID language for an IBM 1620-11 computer
accord:ng to the calculus explained above. It is listed in Table 1. Essentially, it
consists of the cvaluation and multiphcationof the S and N matrices, and the
de 2rmination of the filter t-ansmission from the product M . Each of the elements
of the fiiter is specified by a punch ~ard specifying the type of element (polarizer,
quartz or calcite retardation plate); the orientation of the element’s axis with respect
to an arbitrary x-axis; P . tke imperfection of the polarizers (from now on P is
taken equal 10 1); and, in case Jf retardation plates, their thickness (mm).

The coefficient of birefringence that is used to compute vy is determined by the
following expressions.

For guartz the expression is written as:

3 4

ey e v gn-3,.2 -6, 4
c -<) = 8.B31 x10 ~ + 1.07057X 10 /A" + 1. 9893X 10 /a

2

-1t x 107 a2 -1 x 1676 x (1 + /900)

X(L61-2.2x2%) , (10)
and for calcite the expression is written as:

€ - ) = -0.163724 - 3. 15 x 16522 - 5.896 x 10722}

3 2

-2.911%x10°5/2%+ 3,037 x 103 x 2%+ 2,54

1 -5

x10° ¥ xat o 2.52x16°x2% - 10

x [t(1. 044 - 0. 161) + 0. 00643 %] , an

where A is expressed in microrns and t is degrees centigrade.
Equation (10} was taken from a paper by M. J. Mace de Lépinay(1392); Eq. (11)
was derived from the data for calcite given in the International Critical Tables.
The expressicn for calcite is only valid for wavelengths (A) between 3500 and
15, 000 .»; and temperatures (t) in the vicinity of 10°C. It fits the data to within
0. 01 percent.

2.2 Off-Axis Ray=

In case of off-axis rays the retardation of the quartz or calcite changes v-ith an
amount depending on the angle of incidence (¢) and the azimuth of the incident ray

(o). (The incident ray o is measured from the direction of the optical axis of the



Table 1. Ray-Tracing Program in Fortran IID

ANAAA

100
101
102
193
104
105
200
202
203
206
205
206

207
300

43

30

33

34
35

35
32
n

20

TRARSNISSION PROFILE OF A BDIREFRINGENT FILTER
RAXINUN NUMBER OF ELEMERTS IS 50

SeSe]l OR-PRINTS OUT THE FILTER CONF IGURATION
$¢Se2 ON=AT EMD GOES TO NEW FILTER

$eSe2 OFFsAT END GOES TO NEW WAVELENGTH RANGE AND ANGLE OF INCIDENCE

ODIMENSION A(S003)eX(2:4)9Y(204)0518)
DINENSION B(2)+C(2)

FORMAT STATENENTS

FORMAT(13.F8.1)

FORMAT(F1.,00F6e29F9.5)

FORMAT(2F 806016 02F6e2)

FORMAT (BHLANMBOA L =F 10, T+9H LANBDA2sF1CeTe12M NOe POINTS=1S+TH ONEGA
19F 76254 PHIsF 1,277

FORMAT (6SHTYPE WAVELENGTH INTERVAL (NICRON) AND NUMBER OF POINTS IN
1 2F8e6+:14)

FORMBAT (334 AND OMEGA AND PHIIDEG.) IR 2F6.2)

FORMAT (142X +8(E%.2))
FORMAT ( 16HTENPERATURE = F5.1910H DEG.CENT/)
FORMAT ( GAHELEMENT MATERIAL ORIENTATION THICKNESS
1 CROSS)
FORMAT(TIH {DEGREES) ()
1 TRANSHISS10N/)
FORMAT ( 32¢POL ARIZER Fle2+22¢
1 F10.8)
FORMAT ( 32HRE T PLATE QUARTZ Fle2+8H £10.6)
FORMAT ( 32MRETLPLATE CALCITE FTle208H4 F10.6)
FORMAT (1X)

DEFINITION OF PARAMETERS

READ 100sN.T

READ 101e((AlLIeJ) 0 =]1e3)e]=]leN)
IFISENSE SHITCH 113031
PUNCH 2027

PUNCH 203

PUNCH 204

D0 32 I=1sN
IF(A(]I010-1:5033¢33034
PUNCH 205,A(10250A0143)
50 10 32
IFIA(TI41)-2:5135035+36
PUNCH 206sA116200A(01+3)
GO 10 32

PUNCH 207+A(162)0A(1+3)
CONT INUE

PUNCH 300

PUNCH 300

D=2,017453293

E=Al142)

00 20 Js=]lsN
AlJe2)sAlUecYV~E

DO 70 Js2+N




Table 1. {(Continued)

71
70
.2

65

21

IFIALIe11-1,53TLeT1e7G
AlJe3)sSORTFIALIN3))

COnT INVE

PRINT 104

PRINT 105

ACCEPT 1020M1 U2 oM ONEGA o PY]
PUNCH 300

PUNCH 10341 W2 oMo ONEGA o PHI
ONEGA= [ONEGA-€)*D

Pl =PHI®D

DO 666 1s).8

$€1)=0,0

=]

L=}

Fai

W2s(W2-¥1)/(FR-1,)

TRANSHISSION COMPUTATIONS

D0 1 J=leN

(&}

FJisJj-]

Wei] oF JoN2

Palyey

Q=Pop

R=PsQ
G(1)sBRFROBIW.P0sReT)
B(2)s8RFRCB(WsPQoR»T)
Ct(1)=FNOOBIW.T)
CL2)sFROCBI(W,T)

DO 2 K=1leN
IFIK=-1121022022

ON=,0

CALL MATRXB(ON.Y)
Y(2¢3).0

G6C 710 13
IFIAIK 21 )=1:e5)50506
KA=A(Kel)-1.

IF(PH]1 76708

B88=8(KA)

60 TO0 ¢
OM=OMEGA-A(Ke2)®D
L2=SINF (PH]}

2=COSF (OM) a0 2
BO=B(KAI*(1,-(228228((2/CIKA)I=((2e=2V/(CIKAY+BIKAI)IINI/(2.8CIKAY)
1
Ge=3,14159278A(K 31811 .,E+3)%8B/W
X{1e1)=COSFI(GY
X(102)sSINF(G)
X(203)sX(]10el)
X(2:8)9=X(1+2)

GO 10 11

X{(lel)sl,

X(1e2)1s,0
X(2e3)=AlKe3)
X(2+:4)2.0




Table 1. (Continced)

13

16

12

61
&2

63
66
60

67
41

e e e ———————————

X(1e3)s,0

",“'..o

X(201)940

Xi2e27=e9

CALL MATINFPB(X,Y)
IFIK-N)113¢14014
OR={A(Ke2)-A(K>12))9D
60 T0 19

ON=AIK,2)%D

CALL MATRXB(OMex)

CALL RATHPBI(X,Y)

TR=.0

00 12 L=1s2

00 12 MN=]1,2
TRsTR+Y(L oMN) 882
IFIAL]1+3))60+:60061

G0 TO (62663) KK
SILL)I=TR

0O 64 KB=2.N
AlKBe2)3=AIKB223 ~90,
KK=2

60 TO 65

SILLISA(] e3:8TReSILL)
20 66 XB=2+n
AlKBe2)12AIKB+2)+90,
60 TO &7

S{LL)=TR
IFILL-8)50+41941

PUNCH 200esKLs(SILL) oLL=]+8)
KL=KL+])

ti=}

60 10 1

LisLl+]

CONT INUVE

PUNCH 200+KLo(SILLIsLL =108}
PAUSE

JF(SENSE SWITCH 2143442
END

DESCRIPTION OF SUBROUTINES
BRFRCB=BIREFRINGENCE OF CALCITE
BRFROB=BIREFRINGENCE OF QUARTZ

(aXaXaXaXa¥aKaXa)

FNOCBsREFRACTIVE INDEX ORDINARY RAY FOR CALIITE

FNOOB=REFRACTIVE INDEX ORDINARY RAY FOR QUARTZ

MATMPBSMATRIX MULTIPLICATION FOR 2XZ MATRIX WITH COMPLEX ELEMENTS
ONLY FIRST COLUMN 1S COMPUTED

MATRXBaGENERATION OF S MATRIX
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crystal. See Figure 1.) This changes Eq. (6) for y according to Evans (1959) to:

y = vdfle, =, @, 2)A (12)
where
2 2 .2
. - f _#° [ cos®a _sin‘a )|
f k”)'l ﬂr—( w € )" (13)

neglecting poners of ¢ equal to or higher than 4. The only change necessary in
the computer program is to replace (¢ -«) in Eq. (6) by the { defined in Eq. (13),
2nd to add the computation of a for each birefringent plate.

e

<

OPTICAL AXIS

Figure 1. Definitionof o« and ¢

Special cases of Eq. (13) are: for a = 0 deg

2
f=(e-w)(l-i-2-), (14)
2w




and for o = 90 deg

2
f*k-w)(l-b-z-‘%). (14a)

This shows the well-known decrease in retardation for rays with e = 0 deg and in-
crease for those withan o = 90 deg. For an a between these two extremes there
is no change. This angle o is given by Eg. (15):

tan a = (7‘.;)”2 ] (15)

23 lapesfect Polarizess

For reasons explained in Sec. 2.1, the computer program was written for a
filter that starts witn a perfe~t polarizer. In case the first polarizer is imperfect
(p2 # 0) , the transmission may be found by computing the transmission T1 of a
filter with a perfectfirst polari:er and the transmission 'l‘2 of a filter with a
perfect first polarizer rotated over 90 deg with respect to the first one. The trans-
mission of the filter, for unpolarized light, with the imperfect first polarizer can

then be shown to be pz'l‘ +p2'l'. or, since p, was always taken equal to 1,
1 71 2 'z 1

2
Titp, T,.

3. APPLICATIONS

31 letreduction

The ray-tracing program was used in four applications. In the first the on-
axis transmission was determined for a birefringent filter of the Lyot type which
was designed to operate at wavelengths of 3933. 3, 6562. 8 and 10, 830. 3 A. Com-
promises were made in the thicknesses of the retardation plates in order to have
the filter operate at these three wavelengths. Because of this, the filter will have
leaks that are larger than those in a perfect Lyot filter at wavelengths away from
the three main bands. The first application will assess the magnitude of these leaks.
The angular field of 8olc filters will be determined in the second application. So
far, this angular field has not been determined theoretically. In the third applica-
tion, the prediction made by Giovanelli and Jefferies (1954) on the improvement of
the characteristics of the Lyot-filter transmission by using imperfect polarizers is
iv.»2ke ; and found true. The last application i8 concerned with the tolerances in
plate thicknesses and angles required for satisfactory performance of Solc filters.
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3.2.1 DESCRIPTION OF THE FILTER
3.2.1.1 Introduction

In the past the fi-m of Bernhard Halle Nachfl. of West Berlin has furnished
several birefringent filters for the K line (3933 A). This filter is very sophisticated
in that it involves a large number of elements; i3 1/4 and 1/2 waveplates are made
from two pieces of quartz with their optical axes crossed, and it has calcite-glass
polarizers for high transmission in the ultraviolet. The filter is costly to buiid.
Clearly, if such a filter could be used at more wavelengths than the K line (3933 A),
[for instance, H_ (6563 A) and He I (10830 A)] , its usefulness would be enhanced.
A1l three of these wavelengths are of great interest to the solar astronomer. The
line H a is commonly obaerved with birefringent filters equipped with sheet polar-
izers. However, at is " [ only comparatively wide passband birefringent filters
have been used on prominences. A 10830 5 filter requires calcite-glass polarizers.

We shall try to select a set of thicknesses for the K filter that will also work at
the other wavelengths, preferably with no change in temperature. Such a solution
means that the filter could be tested at H . which is in the visible and would never
have to be checked in the infrared at He L

3.2,1. 2 Design Criteria

A number of design specifications must be met for this filter. Descriptions of
these specifications are given below.

(1) Bandwidth

The bandmd'h at the K line must be less than v. 15 A so that the K2 peaks can
be separated from the K3 central emission. The passband of the He I line must
be less than i A preferably as narrow as 0.5 A to ensure adequa‘’e contrast of
solar detail on the solar disk. The Ha bandwidth must be less than 0. 25 A, also
to ensure adequate image contrast and good separation of the chromospheric images
in the different parts of H

Prehmmary calculatmns showed that 2 0. 5 A element for the He I line would
give 0, 06 A at the K line, which is almost too narrow. Therefore, it was decided
to separate the thickest calcite element from the rest of the filter.

Usmg the thick elemment, the fmal design gives a C. 20 A filter at the Hc line,
6. 59 A at the He I line, and C. 06 A at the K line. Without this element the band-
widths are douhled.

(2) Tuning

It must be possible to tune the K-line filter at least +0. 3 ;\ to obtain the K2
peaks. To do this, at least three elements, and preferably four elements, in addi-
tion to the separable thickest element need to be tuned. The filter either must have
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its elements immersed in oil with mechanical gearing to the tunable elements or it
can be gplit into two more groups of elements, each ¢f which has a tunsble thick
element at the ends. The latter approach was chosen for mechanical convenience
and because the sun could be reimaged withina each of the gro -ps of elements so that
more light flux could be transmitted. Furthermore, tuning all five of the thickest
elements means that all the calcite elements are tuned and need not be made to any
particular thickness. This is a great advantage since the indes.es of calcite vary 3o
much from piece to piece that it would be difficult to predict a solution for all three
wavelengths.

A birefringent filter element is most easily tuned by adding a 1/4-wave plate to
the element and then rotating the preceding polarizer. If one attempts this with
calcite-glass prism polarizers the extra unused images begin to overlap in the image
plane of the objective. One solution is to add 1/2-wave plates between the polarizer
and 1/4-wave plates and rotate them. This is the sclution that was chosen.

{3) Angular Field

In order to transmit as much light as possible the angular field of the f{ilter
must be as wide as possible. The simplest wide-field arrangement is to divide the
element and insert a 1/2-wave plate in between. All the components musi be properly
oriented, of course. This is the method chosen for the filter. The elements can be
made wide field until the thickest element again limits the angular field. If the
thickest wide-field element has a field of £/23 (0. 11 }.\ at the K line), then there is
no gain in making the 1. 8 }.\ quartz element wide field since it already has a field of
£f/21. Thus the five thickest elements must be wide field. The filter has fields of
£/23 at the K lire (0. 114 A clement) £/22 at the H_ line (0. 2 A element) and £/16 at
the He I line (0. 59 A element).

(4) "Split-Element" Construction

In order to conserve polarizers the entire filter must be arranged with Evans'
"split" elements. Here, a simple birefringent element is divided into two par:z 2nd
placed on both sides of another clement. The only criterion is that the polarizers
must have their axes cressed, and that the order of the split . nent total an integer
plus 1/2. The order of the internal element may be an integer plus either 1/2 or
zero. In the former case the optical axes of the split components must be perpendi-
cular, in the latter they must be parallel.

We must now choose the thicknesses for the elements of the filter that cannot
easily be tuned. If we want to use the element for the outer plates of a "split"
element, we must look for thicknesses of quartz vhose order numbers exceed in-
tegers by 1/2 for all three wavelengihs at the same temperature. If we find a solu-
tion with integer orders for all three wavelengths, we may use this element as the
central component in the "split" element.



12

A simple computer program was written to find all the thicknesses whose
order number was coincident for the three wavelengths. Tolerances of 1/20th of
an order were placed on each thickness. From this table ne selected a set of thick-
nesses that were as near as possibletothe 1:2: 1:8: ... ratio required for the
simple birefringent filter. It was, of course, impossible to meet this requirement
exactly since solutions do not exist. This is true for any split element filter since
elements whose order is an integer plus 1/2 cannot add up in such a progression.
The solution is indicated in Table 2 and Figur * 2. The deviation from perfection
can be estimated from studying the order numbers. It is, of course, only by chance
that such a solution exists.

The results of the ray-tracing program to be described in Sec. 3. 2.2 show
that the chosen solution really contributed very little in parasitic light. The
solution favors the K line bacause the center of the K line is only 4 percent
of the continuum, Any parasitic light in the continuumis almost 25 times more
detrimental than it would be at the He I line where there is no strong absorption
line,

The El element is required only if one wants to observe K and Ha simul-
tanecously. It is nct designed to work for Hel . The E 4 element is the thickest,
and necessary for He I. It would not really be required for K and Ha , although
a narrow Ha filter is very useful,

(5) Waveplates

The waveplates pose a final problem. They must work at all three wavelengths.
This may be accomplished by "achromatizing” the waveplates by using calcite com-
bined with quartz. We did not investigate this method. We found that nature gave
us a happy solution. For quartz a thickness of i. 50 orders at He I is almost
exactly 2. 50 at Ha and is almost exactly 4. 50 at K. These higher order plates
are used for 1/2-wave plates. The 1/4-wave plates use just half the thickness of
these.

Using a high-order plate means that the waveplate will deviate more rapidly
from 1/2 wave as one progresses away from the central peak. This is not serious
because we plan to combine the filter with dielectric interference filters and be-
cause only the last five elements contain waveplates.

The ray-tracing program shows (Sec. 3. 2.2) that the effect of high order wave-
plates is small. Since the waveplates are presently being made from two pieces of
quartz anyway it is a simple matter to specify slightly different thicknesses and ob-
tain a plate useful for all three wavelengths.

{6) Optical Arrangements
In order to transmit as much flux as pessible we image the sun inside of each
of the large sections E2 . E3 , and E4 . A field lens, cemented to the end of each




Table 2. Composition of the Filter for the K,

13

Ha' and He I Line

ELENENT ORIENTATION | THICKNESS RETARDAT 10N
(DEGREES) (MMe) 3933.68 A | 6562.81 X | 10830.3 &

ELEMENT E1
POLARIZER 0.0
QUARTZ 45,0 «565250 13.746 7.752 80541
QUARTZ 0.0 24261000 564987 31.010 18.164
QUARTZ 49,0 ¢5652%0 13,746 Te752 &He54])
POLARIZER 90.0
QUARTZ 45,0 2313500 560266 31.730 18,585
QUARTZ 0.0 657000 15,978 9.011 5,278
GUARTZ 45,0 2313500 560264 31.730 18.58%

ELEMENT E2
POLARIZER 040
QUARTZ VAR, «164000 40476 2,523 14478
QUARTZ 0.0 «092%00 2249 1.268 o743
CALCITE 45,0 14.186000 6693,213 36640493 21264.506
QUARTZ 0.0 « 184000 o676 2.523 14478
CALCITE 315.0 14.186000 6693,213 2664,493 2124.504
PLLARTZER 0.0
QUARTZ 45,0 18.390500 4670256 2524235 167,742
QUARTZ 0.0 4.048000 98,447 55.520 324520
QUARTZ 315,0 18390500 467,256 2524235 167.742
POLARIZER 9040
CALCITE 45,0 7.093000 3346.606 18320246 1062252
QUARTZ 0.0 « 184000 GobTh 24523 1,478
CALCITE 315,0 7.093000 33464606 1832.246 1062252
QUARTZ 0.0 «092500 24249 14268 o743
QUARTZ VAR, «184000 GokTh 24523 1.478
POLARIZER 0.0

ELEMENT E3
QUARTZ VAR «184000 s I 24523 1e478
QUARTZ 0.0 +092%00 20249 1,268 .T43
CALCITE 45,0 3.546500 1673.303 9164123 531,126
QUARTZ 0.0 +184000 s 2.523 14478
CALCITE 31%,0 3,5646500 1673,303 916,123 531,126
POLARIZER 0.0
QUARTZ 45,0 4.574500 111.251 624741 36.749
QUARTZ 0.0 18.1146000 4404532 268,442 145,520
QUARTZ 313,0 4.574500 1114251 624741 364749
POLARIZER 90,9
QUARTZ 31%5,0 26.873%500 896,762 505,738 2964227
QUARTZ 0.0 «184000 4elsTh 24523 1e478
QUARTZ 45,0 364873500 896,762 505,738 2964227
QUARTZ 0.0 «092500 24249 1268 o743
QUARTZ VAR, « 184000 s 7 24523 1s478
POLARIZER 0.0
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Table 2 (Continued)

ELEMENT Es
QUARTZ VAR, 184000 4,474 20923 1e478
QUARTZ 0.0 092500 20249 10268 o743
CALCITE 45.0 28.372000 13386, 42¢ 7328.986 4249,009
QUARTZ 0.0 « 184000 4474 2523 1478
CALCITE 315.0 28.372000 13386,426 T7328.986 4249,009
POLARIZER 0.0

OPERATING TEMPERATURE = 42,0 DEGREES C.

element, forms an image of the cbjective on a diaphragm. Because the calcite-
glass polarizers do not absorb any light, there will be a large number of images of
the objective present. The desired one must be selected by the diaphragm. The
deviation of the polarizers needs only to be equal to the angular field of the filter.

At each diaphragm there will be a reimaging lens that will form an image of
the sun inside of the next group of elements, Finally, before each group of elements
there must be another field lens that collimates the diaphragm so that the axis of
each cone of light to every point in the field is parallel., This ensures uniform
spectral transmission over the field. It may be necessary to add a field flattener
to take out the curvature of field introduced by the field lenses,

Considering the expansion inside of each element using the maximum angular
field of the filter, the useful field aperture is about 26 mm for a 30-mm clear-filter
aperture. To photograph the entire sun one could use a 5-in. diam objective for K
and Ha and a 7-in. diam objective for He .

3.2.2 TRANSMISSION OF THE FILTER

""he transmission profiles of this filter are determined for 200 ;\ intervals
centered on the K, Ha , and Hel lines, In order to measure all the details of
these transmission profiles one has to compute the transmission profiles at wave-
length iniervals that are a fraction of the halfwidth of the main transmission band
of the filter. In the present calculation this fraction is taken as approximately 1/3.
The results for the three transmission bands follow,

3.2.2.1 The K Line (3933.68 A)

For the observation of this line the elements E1 , E2 .oand E3 will be used
giving a halfwidth of the main transmission band of 0,114 A, The transmission is
calculated at 0, 04 .& intervals, The directions of the tunable A/2 plates are taken
such that the main band is centered on the K line, These orientations are given
in Table 3, (Orientation is given with respect to the first polar.zer, positive when
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clockwise in Figure 2.) Figure 3 gives the transmiss:on profile for this filter,
The transmission at mavimum is 90. 6 percent. Ths res. t disregards .ight losses
due 10 retlection and absorption. Trne deviations from a < rfect filter are very
small on the K line écazse many of the retardation piate thicxknesses were laner
close 10 the theoretica! value jor K and because the adjustment of the caicite plate
thicknesses to those for quariz was best for K.

From the graphs given in Figure 3 we determined the total amount of parasitic
light (light in secondary maxima) in various intervals around the main band. This
amount, expressed in the total transmission of the main band, is given in Fable 4
for both an equi-energy density spectrum passing through the filter (T p’l T ln) and
for a soiar absorption line spectrum (I p/ 1) passing through the filter. The data
in Table 4 are also given in Figures 5 and 6.

Table 3. Orientations of the A/2 Plates
for the K-Line Filter

/
h.\;uz"}:tl::,e Orientation
1 51.8°
2 64, 1°
3 35. 5°
1 2.3°

Table 4. Relative Amount of Parasitic Transmissions for
Bands of Various Widths Centered on the K-L.ine

Bandwidth (A) Tp/T m(% Ip/Im(%)
2 11.2 25
4 12.5 28
8 13. 4 35
15 13.5 36
32 13.6 38
64 13.8 42
128 13.9 46
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Figure 3, On-Axis Transmission of Three-Line Filter at K (3933.3 \oC. Elements E1, E2, and E3
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Figure 5. Integrated Parasitic Transmissions .ﬁv for Various Wavelength Intervals Centered on the

Principal Wavelengtha Expressced in the Transmission of the Main Band Tp,
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3.2.2.2 The H_ Filter (6562.81 A)

Computations were made for a filter composed of elements EZ' 83 ., and E 4°
which together give a halfwidth of the main transmission of 0.202A. The trans-
mission is calculated for intervals of 0.08 A. Tabie 5 gives the orientations of the
/2 plates s0that the main band is centered on H, . Figure 4 give3 the trans-
mission profile of tnis filter. The transmission at maximum is 93.4 percenmt, again
omitting losses due to reflections and absorptions. The strong bands about 95 A
away from H, are the next main filter maxima transmitted by the thinnest plate
in the filter. The many secondary maxima in between are due to the imperfect
matching of the retardation plates. Table 6 and Figures 5 and 6 again give l‘pl‘l'm
and lpl,m . The increased amount of parasitic transmission is not as serious as
it would nave been if it had been near the K line, because the H, line in the solar
spectrum is weaker thzn the K line. The availability of better blocking (interference)
filters near H, makes tne amount of parasitic transmission tolerable.

Table 5. Orientation of A/2 Plates for the H, Filter

F p
A/2 Plate . .
Number Orientation
1 1.2°
2 59, 4°*
3 67.8°
4 38. 4
5 2.3

Table 6. Relative Amount of Parasitic Transmissions for Band
of Various Widthks Centered on the H, Line

= —
Bandwidth (A) T p/ T, (%) Ip/Im (%)

8.5 25

9.7 32

11.0 39

16 11.9 44

32 14.5 60

64 17.1 75

128 26.8 133
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3.2.2.3 The Hel Falter (10, 830.3 A)

For this linc, the elements .‘:._,. E_; . and. 84 will again be used giving a half-
width of the main transmission band of 0.39 A, Calculations of :he transmissions
were made at intervals of 0. 20 -; Table 7 again gives the directions of the A /2
plates. Figure 7 shows the transmission profile of the filter. Omitting absorption
and reflection losses. peak transmission is 94, 8 percent. The solar spectrum at
this wavelength is practically void of absorption .ines so that T pl Tm x] pl lm .
Table 3 and Figures 5 and 6 give these quarntities.

Table 7. Orientation of A/2 Plates for the He-10830 Line

3
x{ﬁ‘:};:_e Orientation

1 89.1°

2 0.4

3 617.3°

4 4.0°

5 88.2*

Table 8. Relative Amount of Parasitic Transmissions for
Bands of Various Widths Centered on the He-1€830 Line

Bandwidth (A) To/Ty, &) = 1[I (%)

4.8

4 7.0

9.0

16 9.9

32 12. 4

64 16.7

128 19 1

s —— T R R L
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Figure 7. On-Axis Transmission of Three-Line Filter at He-10830. Elements mN. Mu. and m»
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3.2.3 CONXNCLLSJONS

As the filter will be used with sunlight, one has to consider values of Ip/ lm
when assessing the parasitic light, Introdtction of parasitic light will reduce the
contrast of the structures that are normally visible only in the three lines. This
reductijon of contrast is equal to 1+ ID/ Im . If one considers a contrast reduction
of a factor 2 tolerable, Ip/lm may be as muclh as 100 percent. Ths actual magni-
tude of lp/ lm will be determined by the properties of the blocking tilters used with
the filter. The important quantity is the halfwidtn . € the t: ansmissicn proiles of
these filters. in order to make lp/!m small, interfi-rence filters will haveto | e
used with a narrow transmission profile. An approximate v..wwe of Ip/lm anbz
obtained by reading the graph of Figure 6 at ¢ bandwidtl « yn.a1 *o the halfwidia of
the filter. The halfwidths of three filters which zre currentl; available are indi-
cated in Figure 6. Filters of still smaller halfw idia ~re ava:lzble, but are not
plotted bicause of their low peak transmission. Yhe . ghest ll /Im occurs for the
K line, It is 38 percent which we consider to be toler: %'«. In cntrast, the re-
sulting reduction is 1. 38,

3.3 Off-Axis Charscteristics of Sele Filters
3.3.1 DESCRIPTION OF THE VARIOUS FILTERS USED

In his papers, Solc (1959, 1960) describes four ty res of filters, all of which
use a pile of equal-thickness retardation olatcs betwee two polarizers. The four
types distinguish themselves Ly the orientations of tire rotasdation plates and pola-
rizers. In the first type, which we will cail type A, zl! pla. . make equal angles ¢
with the direction of the first pol: ~izer, but alternate by.twe:=n plus and minus ¢ .
This type was called the folded filter by Evans {1¢53). T..> « is equal to 45 deg/N
where N is the number of plates. The thicknes:s >f the pl..es is such that the
retardation at the wavelength of peak transmissiuvn 18 5 integer +1/2. The last
polarizer has to be at right zngles to the first one, Tab.e 9 lists a filter of this
type that we have tested by computation. In the second type filter (B), the plates
also make angles of 2¢ with each other, but are novwr arranged in a fan with the
first plate making an angle of ¢ with the first polarizer, The last polarizer is
now parallel to the first one, The retardaiion ¢f each plate, in this case, is an
integer for the wavelength of the transmissicn peaks, Table 10 lists such a filter
(S8olc B). It is the equivalent of the Zolc -\ listed in Tavle 9 and contains the same
number of plates.

Evans (1958) computed the transmission of these two types of filters, He
showed that thes2 transmissions - e the sam > for filters of types A and B for an
equal number of elemeats. He also fourd these iire* two types of Solc filters to be
inferior to the Lyot filter in the suppression cf parasitic light. The curves in




Table 9. Composition of the Solc-A Filter*
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Element Orientation Thickness Retardatign
(deg) {mm) {6563.73 A)
Polarizer 0
Calcite 3 1.546787 399.5
Calcite 357 1.546787 399.5
Calcite 3 1.546787 399.5
Calcite 357 1. 546787 399.5
Calcite 3 1. 546787 399.5
Calcite 357 1. 546787 399.5
Calcite 3 1.546787 399.5
Calcite 357 1. 546787 399.5
Calcite 3 1, 546787 3045.5
Calcite 357 1. 546787 399.5
Calcite 3 1.546787 399.5
Calcite 357 1. 546787 399.5
Calcite 3 1. 546787 399.5
Calcite 357 1.546787 399.5
Calcite 3 1.546787 399.5
Polarizer 20
Table 10. Composition of the Solc-B Filter*
Orientation I'hickness Retardation
Element (deg) (mm) (6563,73 X)
Polarizer 0
Calcite 3 1.548723 400
Calcite 9 1. 548723 400
Calcite 15 1.548723 400
Calcite 21 1, 548723 400
Calcite 27 1.548723 400
Calcite 33 1. 548723 400
Calcite 39 1. 548723 400
Calcite 45 1. 548723 400
Calcite 51 1. 548723 400
Calcite 57 1. 548723 400
Calcite 63 1,548723 400
Calcite 69 1.548723 400
Calcite 75 1.548723 400
(.alcite 81 1, 548723 400
Calcite 87 1. 548723 400
Polarizer 0

*
Operating Temperature = 42,0°C
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Figure 8 give the transmissicn for the Solc A and B fiiters as listed in Tables 9
and 10 as well as the one for an equivalent Lyot filter. Later, by altering the
orientation of the optical axes of the birefringent plates, Solc managed to suppress
the secondaries very effectively at the cost of increasing the width of the main
maximum. By adding a few piates, this width could be reduced again so that a
filter actually was obtained with a lower amount of parasitic light than the Lyot
filter but with equal nalfwidth. These altered orientations of the plates are defined
in Solc (1960, 1965) papers. Tables 11 and 12 list two such filters. The first, a
modification of the folded filter, will be called the Solc-C filter; the second, a modi-~
fied fan fiiter, is called the Solc-D filter. The number of plates is taken to give
approximately the same width as the Solc-A or Solc-B filters and the Lyot filter
given in Figure 8. Figure 8 shows the transmission profile of the Solc-C and
Solc-D filters as well (thz two are identical). The parasitic trangsmission is indeed
much lower than that for the Lyot filter.

Table 11. Composition of the Solc-C Filter

Element Orientation Thickness Retardz«ltha a
(deg) (mm) (6563.73 A)

Polarizer 0.0

Calcite 1.5 1. 546787 399.5
Calcite 358, 2 1. 546787 399.5
Calcite 2.0 1.546787 399.5
Calcite 357.17 1, 546787 399.5
Calcite 2.8 1. 546787 399.5
Calcite 357.2 1. 546787 399.5
Calcite 3.0 1. 546787 399.5
Calcite 356.7 1. 546787 399.5
Calcite 3.5 1. 546787 399.5
Calcite 356.5 1.546787 399.5
Calcite 3.2 1. 546787 399.5
Calcite 357.0 1. 546787 399.5
Calcite 2.7 1,546787 399.5
Calcite 357.5 1. 546787 399.5
Calcite 2,2 1.546787 399.5
Calcite 358.0 1. 546787 399.5
Calcite 1,7 1. 546787 399,.5
Calcite 358.5 1, 546787 399.5
Polarizer 90.0

Operating Temperature = 42,0°C
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Figure 8, On-Axis Transmission of Two Types of Solc Filters (dashed line) as Compared with a
Comparable Lyot Filter (solid line). (a) Type A or B Filter, (b) Type C or D Filter
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Table 12. Composition of the Solc-D Filter

Element Origntation Thickness Retardatign
(deg) (mm) (6563.73 A)

Polarizer 0.0 1. 548723 400
Caicite 1.5 1. 548723 400
Calcite 4.7 1.548723 400
Calcite 8.5 1, 548723 400
Calcite i2.7 1.548723 400
Caicite 17.5 1. 548723 400
Calcite 22,7 1.548723 400
Caicite 28.5 1. 548723 400
Calcite 34.7 1. 548723 400
Calcite 41.5 1.548723 400
Calcite 48. 7 1, 548723 400
Calcite 55.5 1.548723 400
Calcite 51,17 1. 548723 400
Calcite 67.5 1. 548723 400
Calcite 72.7 1. 548723 400
Calcite 77.5 1.548723 400
Calcite 81.7 1.548723 400
Calcite 85.5 1.548723 400
Calcite 8s.7 1.549723 400
Polarizer 0.0

Operating Temperature = 42,0°C

3.3.2 TRANSMISSION FOR OFF-AXIS RAYS

In his papers, Solc points out that the off-axis behavior is similar to that for a
non-wide-ang‘e Lyot filter. This can easily be understcod for a Solc-A or -C filter,
but not for a Solc-B or -D filter, In order to examine the off-axis properties more
closely, the transmission profiles of the filters described in Sec, 3.3.1 were de-
termined for a ray incident at 1 deg to the normal at azimuths (a) (see Sec. 2. 2)
of 0.0, 27,5, 45,0, 67,5, 90.0, 112,5, 135.0, and 157.5 deg. Table 13 gives the
resulting wavelength shift »¢{ the main transmission peak with respect to the peak
position for on-axis rays. It shows that the maximum displacements for Solc-RB
and -D filters are approximately 20 percent less than those for the Solc-A and -C
filters, which results in a 10 percent increase in usable angular aperture for the
B and D filters. The Solc-B and -D filters have a larger usable angular aperture
than the Lyot fiiters,

An altered version of the C filter was also computed. This version, called
Solc CC, inserts a 'rotator' between the ninth and tenth element of the filter. This
"rotator" rotates the direction of polarization of incident light 90 deg or, more
exactly, rotiates the Poincaré sphere 180 deg around the axis that is at right angles
to the circle of perfect polarized light., In the Jones calculus (1941), such a rotator

is represented by the matrix

- —— e s ey e - =
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Table 13. Shift of Transmission Band in Angstroms for Off-Axis Rays Incident
at 1 ceg to Athe Normal for Five Types of Solc Filters. The peak wavelength is
near 6563

.
v SolcA | SolcB | SolcC | SolcD | SolccCC
0 -0.33 | +0.02 | -0.33 | +0.02 +0.01
22.5 0.23 | -0.18 | -0.23 | -0.17 +0. 02
45 +0.02 | -c.26 | +0.02 | -0.25 +0. 02
67. 5 +0.26 | -0.138 | +0.26 | -0.17 +0, 02
90 +0.36 | +0.02 | +0.36 | +0.02 +0. 01
112.5 +0.26 | +0.2z | +0.26 | +0.21 +0. 02
135 +0.02 | +0.20 | +o.0z | +0.28 +0. 02
157. 5 -0.23 | +0.22°| -0.23 | +0.21 +0. 02
180 -0.33 | +0.02 | -0.33 | +0.02 +0. 01
o 1
B
-1 0

which can be inserted into Eq. (7) at the appropriate location, By rotating all the
elements of the filter on one side of this rotator (including the polarizer) 90 deg,
one then obtains a filter that has the same on-axis transmission characteristics as
the original filter. In this modified filter the axes of the birefringent plates are
crossed so that one may expect an increase of the filter's usable aperture as in the
case of the Lyot filter, Table 14 lists the elements of this wide~angle modification
of the Solc-C filter. Two quartz A/2 plates placed 45 deg to each other act here as
the 90-deg rotator, The last column of Table 13 gives the computed off-axis dis-
placements for this filter, There is indeed an improvement of a factor of about 16,
or of a factor 4 in the diameter of the usable aperture., For a filter with quartz
elements, this factor presumably will be even better, as is the case for a Lyot
filter,

The displacement of the transmission band is, however, not the only criterion
that defines the usable filter aperture. Another requirement is th.. the transmission
profile within this aperture does not change too much from that for the on-axis
rays. This requirement is not fulfilled for the types B, D, and CT Bolc filters.

It will be shown in Sec. 3.5 that the retardation of the individual plates in Solc
filters has to be the same within very close tolerances, When this is not the case,

a serious deterioration of the transmission profile results, The retardation changes
rapidly for off-axis rays in the types B, D, and CC filters due to the large changes
in the azimuth o« . The result is a poor transmission profile, On the other hand,
the changes in a are small for types A and C filters, hence the good off-axis
profiles. Figure 9 shows two examples for off-axis profiles with types CC and
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Figure 9. Off-Axis Transmission Profile of a &o1¢-D Filter (0 = 2.0 deg, o = 0 deg) (solid line) and of
a Solc-CC Filter (¢ = 2,0 deg, o = 0 deg) (dashed line})
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Table 14. Composition of the Solc-CC Filter

Orientation Thickness Retardation
Element (deg) (mm) (6563. 73 A)

Polarizer 0.0

Calcite 1.5 1. 546787 399.5
Calcite 358. 2 1. 546787 399.5
Calcite 2.0 1. 546787 399.5
Calcite 357. 7 1. 546787 392.5
Calcite 2.5 1. 546787 399.5
Calcite 357. 2 1. 546787 399. 5
Calcite 3.0 1. 546787 399.5
Calcite 356. 7 1. 546787 399. 5
Calcite 3.5 1. 546787 399.5
Quartz 22.5 0. 036454 0.5
Quartz 67.5 0. 036454 0.5
Calcite 86.5 1. 546787 355.5
Calcite 93. 2 1. 546737 399.5
Calcite 87.0 1. 546787 399.5
Calcite 92,7 1. 546787 399.5
Calcite 87.5 1. 546787 399. 5
Calcite 92.2 1. 546787 399.5
Calcite 88.0 1. 546787 399. 5
Calcite 91,7 1. 546787 399. 5
Calcite 88.5 1. 546787 399.5
Polarizer 0.0

D filters. For both curves the wavelength displacement is tolerable, but the pro-
file deterioration is not.

The folded Solc filters are definitely superior to the fan filters in off-axis
transmission. A simple wide-angle configuration, as tried above for the type CC
filter, is not usable because of the profile deterioration for off-axis rays. One
probably has to go to the laborious work of making each individual element of a
Solc filter a wide-angle element, as is normally done in a Lyot filter, in order to
obtain a wide-angle Solc filter (Solc, 1359).

3.4 Lyot Filters with Imperfect Polarizers

Giovanelli and Jefferies (1954) analyzed the influence of the use of imperfect
polarizers on the performance of Lyot filters. They came to the surprising result
that a slight imperfection of the polarizers can actually improve the performance
of the Lyot filter if this performance is defined as the ratio of the total transmission
Tm in the main filter band between the first minima on either side to the total

transmission in the secondaries 'I‘p
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From the same paper we used the following equations for the ratio 'I‘p/'l‘m :

. 2
T /T, = 0.11+0.61p,+N p; (17)

for a fiiter with N plates whose retardation directions are parallel (te be called the
"paralle! filter™), and

, 2
T[T, = 0.11-0.61p,+ N p, (17a)

for a filter in which tiie retardation direction of each plate is perpendicular to that
of its immediate predecessor (the "crossed filter"). Tae term p, has been
defined in Sec. 2.1 <3 the square root of the ratio of the intensity transmittarces
of the polarizer for lighi polarized in the unwanted and wanted directions. Equa-
tion (17) shows that, for the parallel filter, T p/ Tm increases for increasing Py
thereby deteriorating the filter performance. From Eq. (17a), it follows that,

for the crossed filter, 'I‘p/ 'I‘m first decreases with increasing Py and only starts
to increase for larger values of Py - The ratio 'l‘p/'l‘m is minimum when Py 0
at

p, = 0.305/N. (18)

This means that the use of high-transmission polaroid polarizers which, conse-
quently, have a rather large cross transmission Py will not only improve the
absolute transmission at the primary peak hut will also suppress, in relative im-
portance, the parasitic transmissions.

Since this resuit was viewed skeptically by many, we decided to verify it with
the present ray-tracing program. A four-element Lyot filter which had a 1 1;
halfwidth near 6563 1: was examined., The optimum Py for this filter, according
to Eq. (18), is 7.6 percent. The transmission was then computed for a filter with
Py * 0 percent, and for a parallel and crossed filter with Py = 7.6 percent, The
top portion of Figure 10 shows the resulting transmission profile for the Py = 0
percent filter, and the bottom portion shows the differences in transmission from
this profile for the parallel and the crossed filter, It is indeed clear from Fig-
ure 10 that the transmission in the main band 1s increased for the crossed filter
while there is a small decrease in the parasitic transmissions, The opposite is
true for the parallel filter, so there is at least a qualitative agreement with the
nrediction, The difference in Tp/Tm between the Py = 7.6 percent and Py = 0
percent filters was also determined with the following results:

R
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Figure 10, The Effect of Imperfect Polarizers on 4-Element On-Axis Lyot Filter Trans-
mission, Top Graph: Lyot filter tranamission with perfect polarizers. Lower graph:
difference of Lyot filter transmission with imperfect polarizers from that for imperfect
polarizers for a crossed (ddshed line) and parallel (solid line) filter
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.\(Tp/‘l‘m) = +0.074
for the paralle: filter, and
A(Tp/Tm) = -0.016

for the crossed filter in reasonable agreement with the values predicted from
Egs. (17) and (17a) which give +0. 070 and -0. 023, respectively.

The prediction by Giovanelli and Jefferies is correct. I.. the design of Lyot
filters this property should be kept in mind since the use of imperfect polarizers
often could result in a greatly improved transmission of the filter.

135 Taleraaces for Selc Filters
3.5.1 INTRODUCTION

in this section we will examine the tolerances that are required on the thick-
nesses and orientations o the retardation plates in a Solc filter. Experience so
far has indicated that these tolerances probably have to be much smaller than those
required for Lyot filters. Evans (19€3) found, for example, that a Solc-A filter
with a tolerance of #1/40 order on the plate thicknesses and +10 min on the plate
orientations had a transmission curve which was very different from what one
would have expected theoretically. For Lyot filters these tolerances are well
within the generally accepted tolerance limits [+1/20 order in thickness (Billings,
et al., 1951) and 39 min (Giovarelli, et al., 1954)) . For this Solc filter they
were evidently too large,

In the following, the influence resulting from small variations in the plate
thicknesses and orientations on the ratio Tp/ Tm will be determined (see Sec. 3. 4
for the definition of Tp/Tm). This will be done with the present ray-tracing pro-
gram since an analytical determination seemed to be too complicated. A third
important tolerance, namely the accuracy within which the optical axis of the crystal
has to lie in the element's surface, could not be treated with the present program,

3.5.2 TOLERANCES IN THE PLATE ORIENTATION

In order to study the .:hanges in Tp/Tm , we introduced errors in the angles
of the Solc-C filter plates as listed in Table 11, These errors were introduced by
adding angles which were genr ated at random between -§ and +8 degrees,
where 5 represents the tolerance on the plate orientation, These small errors
in the orientation were generated in the (-§,+J) interval such that they have equal
probability of occurring anywhere in this interval, In reality, error-distribution
may be quite different from this rectangular distribution. However, as long as the

actual distribution is unknown, the rectangular one seems to be as good as any,
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Table 15 lists the values for TP/Tm as computed for 6 =0.0, 0.5, and 2.C
deg. They represen: averages of the resalts of three computations, each using an
independent set of rancdom errors. All tho data are also shown in Figure 11. The
'l‘m is always defined as the %otal transiaission in a wavelength band which has as
its width the distance between the first minima as measured for the filter with
8=0, and which has a position such that ‘l‘m is maximum., Consequently. this
position may deviate slightly from the position for the §=0 deg filter. The ‘l‘p is
defined as the total transmission outside this band.

Table 15. Influence of Errors in Plate Orientation and Thicknesson T p/'l‘m

Filter Tolerance Tp /Tm
Thickness (order) Orientation {deg) (%)

Solc C $0. 00 $0.0 4.5
Solc C 0. 00 10,5 5.3
Solc C $0. 00 12,0 23.5
Solc C $0.01 10,0 20.1
Solc C 0. 05 $0.0 374. 4
Solc A(5) $0. 00 $0.0 8.5
Solc A(5) $0. 02 $0.0 25.8
Solc A(15) $0. 00 10,0 21.6
Solc A(15) +0. 02 +0.0 64.2
Solc A(45) $0. 00 $0.0 27.4
Solc A(45) $0, 02 $0.0 248.2

A tolerance of § = 0.5 deg seems to influence the performance of this type of
Bolc filter very little, This is rather remarkable since it represents a very large
fraction of the orientations of the plates with respect to each other, In reality an
orientation tolerance of 10, 2 deg and better is attainable without much difficulty,

From Figure 11 it may also be seen that one of the computations at § = 0.5 deg
actually resulted in a Tp/Tm = 4,0 percent, which is smaller than Tp/Tm for
the § = 0 deg filter. This shows that the angles listed in Table 11 are not the
optimum oricntations for this filter, at least when this optimum is defined by the
Tp/'I‘m . When we define the Tm as the transraission in a band with a width equal
to the halfwidth of the main band, this particular § = 0,5 deg filter turns out to be
worse than the 6 = 0 deg filter,
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3.5.3 TOLERANCES IN THE PLATE THICKNESS

The same procedure is used for introducing errors in the plate thicknesses,
For the Solc-C filter listed in Table 11 computations are made for tolerances +A
where A equals 0,00, 0.01, and 0.05 orders. Table 15 lists the averages of three
calculations, Figure 11 gives the individual calculations. The usual thickness tol-
erance for Lyot filters, A = 0,05, now gives an increase of about 80 times over
the ’l"p/'l‘m for a A = 0.0 filter. The tolerances have to be very much smaller
than those for the Lyot filter, How small they have to be depends on the requirements

e
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-, dm—
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one puts on the Tp/‘l‘m. For example, if one requires Tple to be less than
1.5 times the A = 0.00 value, one specifies a tolerance smaller than A ~0,0)2
orders. As far as mamufacturing capabilities go, this seems quite unattainable
(A = 0.002 at 5400 A , corresponds 1o thickness variations of 0.2 A and 0.01 A
for quartz and calcite respectively).

Hence, it appears that the performance of a Solc filter for on-axis rays depends
very much on the art of producing birefringent plates of identical thicknesses.
Having made a set of nearly identical plates, the question arises whether one can
optimize the filter transmission by arranging the plates in a proper sequence.
Studying the properties of a Solc filter on the Poincaré sphere, we had the impres-
sion that errors in the thicknesses of the innermost plates would affect the filter
performance mcre than errors on the outer plates. Calculations for the 18-plate
Solc-C filter as shown in Figure 12 confirm this. In these calculations the thick-
ness of only one plate was changed by 1/20 order from their perfect value, the
other plates remained unchanged. The resulting 'l‘p/'l‘m is actually nearly
proportional to the plate number as counted from the outside of the filter, reaching
81 percent for the ninth and tenth plates at the filter core. In the construction of a
Solc filter, one can therefore gain appreciably in filter performance by placing
the plates that are closest to being identical in thickness near the center of the
filter.

The tolerance placed on the plate thickness will also be a function of the num-
ber of plates in the filter. In order to obtain some information about this, we com-
puted the Tp/ T, for three Solc-A filters with 5, 15, and 45 plates, respectively,
for A =0.00 and A = 0.02 orders. Table 15 lists the results that are also shown
in Figure 13. The relative amount of parasitic light increases rapidly with the
number of plates used in the filter when the tolerances remain the same. One has
to have a much closer tolerance for filters with a large number of plateg than for
smaller filters, This makes productions of Solc filters even more difficult than
already indicated in the previous paragraph, since one often requires filters with
more than 18 plates,

Notwithstanding these stringent requirements on the plate thicknesses, Solc
has managed to produce an 80-plate filter with reasonably low secondary transmis-
sions (Valniek, 1960) which certainly shows the excellent technical capability of
the Solc group.

4. CONCLUSIONS

The birefringent ray-tracing program described here has turned out to be very
useful for those problems connected with birefringent filters that are hard to
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Plate Has a 0.05 Orger Imperfection as a Function of the Plate Position

examine analytically. Machine computations of this type are still very time con-
suming so that filter design, like determining the best orientations for a Solc-C
filter so as to give a minimum Tp/Tm , would be a major problem. The program
is very suitable for determining the characteristics of a filter whose composition
is given, In the future it should be worthwhile for anyone who wants to design fil-
ters to study the possibility of building an electrical circuit that is analogous to a
birefringent filter. If this could be done in such a way that one could, for example,
determine the "transmission'' of this circuit for various voltage frequer.cies, one
would have a very fast and powerful tool in testing various birefringent filters.
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In Sec. 3 a good deal of attention was given to Solc filters. There have been
many discussions in the literature about the merits of these filters with respect to
the Lyot filter. The great advantage over the Lyot fiiter is the low number of
polarizers needed. Another advantage is the lower amount of parasitic iight, at
least in the Solc-C type filter. The main disadvantage is the difficulty of the pro-
duction of such a filter, especially when a wide-angle filter is wanted. Both the
number of plates and the thickness tolerances on these plates are an order of
magnitude worse than in an equivalent Lyot filter (for a normal size Solc fiiter of
about 50 plates). Another disadvantage is that the filter's tuning can only be done
by changing the fiiter temperature or by making each element out of two comple-
mentary wedges (Evans, 1963).
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Figure 13, Ratio Tp/Tm for Solc-A Filters. Curve (a) for
perfect plates, Curve (b) for filters in which plates have
errors up to 0.02 orders
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